The phylogenetic distribution of the gene coding for bacterial alkaline phosphatase @hoA) was examined in nine species of enteric bacteria closely related to Escherichiu coli. The nucleotide and protein sequences from the E. fergusonii and Serratia marcescens genes are presented. The spatial distribution of replaced amino acid residues in the aligned sequences is shown to be highly nonrandom and can be correlated with specific regions within the tertiary structure of the protein. There is an avoidance of replacements within the beta sheet of the protein, and there is an excess of replacements elsewhere, particularly in solvent-exposed residues. In addition, all positions across alpha helices do not accept replacements with equal frequency; there is a bias toward acceptance of replacements in the carboxyl ends of helices. To examine this further, mutations within the E. coli p/10,4 gene were created using site-directed mutagenesis. The patterns seen from the sequence comparisons were verified in the laboratory-created mutants. The average activity of mutations within or near the beta sheet was approximately one-third of that within or near alpha helices, and multiple mutations within the carboxyl ends of alpha helixes always possessed greater activity than did multiple mutations within the corresponding amino ends. The results indicate that identifiable regions within the protein are under different selective pressures and are therefore evolving at different rates.
Introduction
Comparative studies have been the foundation of molecular evolution over the past 25 years in providing hypotheses concerning phylogenetic reconstruction, pop ulation structure, and molecular processes of variation. If they have been limited in any way, it is in that they do not generally suggest an experimental method to be used in testing the theories which they generate, except by the further gathering of comparative data. For example, the extensive compilation of cytochrome and globin sequences has allowed workers such as Fitch ( 1976) , Holmquist et al. ( 1983) ) and Kunisawa et al. ( 1987) to provide evidence for unusual patterns of evolution within proteins across lineages. Examination of more sequences has refined the distribution parameters but has not shed any light on the original question of what leads certain residues to be so variable or so inflexible. This aspect of the problem, reflecting a need for a functional morphology for proteins, can be resolved in part by using proteins whose tertiary structures are known, proteins such as the globins (Perutz et al. 1965; Zuckerlandl and Pauling 1965; Lesk and Chothia 1980; Perutz 1983) . While it is possible in these cases to explain why certain structural changes are tolerated and why certain residues may be invariant, it is not always possible to explain definitively why some pathways of change appear to have been avoided and why others have been taken instead. Moreover, these studies all rely on the comparisons of extant sequences and suffer the same limitation: they can only provide information about the sequences that have survived natural selection; they are necessarily unable to provide knowledge about those that did not. It is in this respect that a direct experimental approach can be useful. By means of molecular techniques, it is now possible to create in vitro mutations that are not found in nature and to examine their effects on the structure and activity of the protein. One technique in particular, site-directed mutagenesis (Zoller and Smith 1983; Smith 1985 ) , has revolutionized the field of protein structure and function. By enabling one to make specific changes in a DNA sequence, it gives the investigator the ability to manipulate a protein in ways not previously possible. Its use in biochemistry has been widespread, ranging from investigation of the roles of one or a few key residues in enzymatic function to exploration of the patterns of mutational flexibility that may ultimately lead to the prediction of protein structure (Butler-Ransohoff et al. 1988; Chaidaroglou et al. 1988; Reidhaar-Olson and Sauer 1988; Bowie and Sauer 1989; Lim and Sauer 1989) . In general, however, directed mutagenesis has not been used in molecular evolution, where the ability to make specific changes at the DNA level makes it ideal for use in testing the hypotheses generated from comparative studies.
In the present study, we have combined both comparative surveys and site-directed mutagenesis. As a model system we have chosen a bacterial protein, alkaline phosphatase, for which the E. coli DNA sequence and tertiary structure, as well as an extensive background of biochemical and genetic information, are available (Torriani-Gorini et al. 1987) . We have obtained the DNA sequence for the gene coding for bacterial alkaline phosphatase (phoA ) from related species of enteric bacteria and have investigated the patterns of accumulation of amino acid replacements to develop hypotheses concerning the selective forces shaping the evolution of the protein. To test these predictions, we have used site-directed mutagenesis to introduce changes in the E. coli phoA gene, on the basis of the hypotheses provided by the comparative study. We have created alterations in the gene that mimic those seen within the various sequences and have also tested the effects of replacements in regions that show a high degree of constraint across the various lineages. In this manner, we show that there is a clear functional interpretation of the patterns of amino acid replacements seen in the comparative analysis.
Material and Methods Bacterial Strains
Strains identified by an American Type Culture Collection (ATCC) number were obtained directly from the ATCC unless otherwise noted. Strains used were Escherichia coli K-12 (strain W3 110 ), Shigella dysenteriae ( ATCC 133 13 ) , S. jlexneri ( ATCC 29508)) S. sonnei ( ATCC 29930)) E. hermanii ( ATCC 33650)) E. vulneris (ATCC 33821), E. fergusonii (ATCC 35469 was from Don Brenner, and ATCC 35470, 35471, 35472 , and 35473 were from the ATCC), E. blattae (ATCC 29907), Salmonella typhimurium LT-2, and Serratia marcescens ( ATCC 13880).
DNA Manipulation
Protocols to extract bacterial chromosomal DNA follow those described elsewhere (Sawyer et al. 1987; DuBose et al. 1988 ) . Southern blotting, isolation of DNA fragments from agarose, and subcloning were performed according to a method described by Sawyer et al. ( 1987) . The phoA DNA used as a probe in the Southern blotting experiments has been described by DuBose et al. ( 1988 ) . Probe DNAs from trpR and gap were provided by Jeff Lawrence and Howard Ochman, respectively. For sequencing, the following constructs were created: ( 1) a 2.4-kb SalI-PstI chromosomal DNA fragment from E. fergusonii (ATCC 35469) containing the 5' half of phoA and associated flanking region subcloned into SalI-PstI-digested M13mp18, (2) a 2.0-kb PstI chromosomal DNA fragment from E. fergusonii containing the 3' half of phoA and associated flanking region subcloned into &I-digested M 13mp 19, and ( 3 ) a 2.7kb SalI-EcoRI chromosomal DNA fragment from Serratia marcescens containing the entire phoA gene subcloned into SalI-EcoRI-digested M 13mp 18. The polymerase chain reaction (PCR) was used to amplify the region from bp 2429 to bp 30 17 in the E. fergusonii sequence from the four additional strains described above , according to the method of Saiki et al. ( 1988) . The primers used were (+2429) CGCCTCACCCGAAATATC and (-3017) CACTCAA GGGGCGAACTG. The plus sign ( + ) denotes the forward primer, and the minus sign ( -) denotes the reverse primer. Single-stranded DNA preparation and sequencing was performed according to a method described by DuBose et al. (1988) . PCR products were purified for double-stranded sequencing by using Sepharose CL-6B spun columns and were sequenced according to a method described by DuBose and Hart1 ( 1990) . Where necessary, PCR primers and additional sequencing primers were synthesized on an Applied Biosystems oligonucleotide synthesizer.
Site-directed Mutagenesis
Oligonucleotide-directed mutagenesis was performed according to a method described by DuBose and Hart1 ( 1989) , by using the oligonucleotide primers shown in table 1. Mutants were verified by DNA sequencing to ensure that no additional secondary changes had occurred. Sequences used in structural replacement experiments were chosen so as to keep the total length of the altered structure the same as that of the wild-type sequence. .
Protein Preparation and Enzymatic Assays
Alkaline phosphatase was prepared according to a method described by Reid and Wilson ( 197 1) and Dykhuizen et al. ( 1985 ) . The Michaelis constant (K,) and turnover rate (K& were obtained by monitoring the accumulation of paranitrophenol at 37°C in 0.6 M Tris, pH 8.2, by using a Beckman DU-7 spectrophotometer. The K, was estimated by a regression of v against V/ [ S] , and the K-t was estimated by a regression of [S] /II against [S] (Segel 1976) . Protein concentrations were determined by the method of Bradford ( 1976) .
Computer Analysis
DNA sequences were compiled into a computer data base by using a Science Accessories Corporation GP-8 sonic digitizer (Southport, Conn.) and Microgenie software (Beckman, Palo Alto, Calif.) and were collated by using the Staden DNA sequence L196V  A2OOP  T203K  A260P  H33lP  N334D  A348P   TCGCGCAAATGCTACGGTC~GA~CGC~GCCAGTGAAAAATGTCCGGGT  TGCTACGGTCCGAGCGCGACCCTTCGATCATGTCCGGGTAACGCTCTGGAA ---TGCTACGGTC~GA~CGC~_CCCITCGATCATGTCCGGGTAACGCTCTGGAA  TCGCGCAAATGCTACGGTCGAACTC~CAGTGAAAAATGTCCGGGT  TACGGTCCGAGCGCGACCAGGAET-ff  ATGTCCGGGTAACGCTCTG  TACGGT&ZG&~CGCJCAGGAGT~ATGTCCGGGTAACGCTCTG  TACGTCACCGACTCGGC~CA~CA&CA~CCGCCTGGTCAACCGGTGTC  TCGGCTGCATCAGCAACCGA~GTCAACCGGTGTCAAAACC  TCGGC~CA_WA&ZA~CCG~GTCAACCGGTGTCAAAACC  GGCGATGGGATGGGGG AAITG~AAAAAAACTCGCACGTAATTATGCC  TCGGAAATTACTGCCCTA~A~GAATTAAAAGGAGGTGC~ GGAAATTACTGc_CGCACGTA  GAAATTACTGC_CGCACGTAATTATGG_CGAAGGTGCGAAGGTGCG  ACCGGGCCATACACTCACTA  GCATCAGCAAC_CGC_CTGGTCAACC  CCGAGCGCGAG_CAGTGAAAAA  GAACAGCTGG_TTAACGCTCG  ACGCTCGTCCCGACGTTACG  CCGACGITAA_GTTGGCGGC  GCCTGTTT~CTGACGGCAAT  AACAGGATCCTGCTGCGAATCC  ATGCTGCGc_ATCCTTGTGGG  TCGATGAACCCGTACAACGG ' Underscored boldface letters denote altered bases. The nomenclature is explained in detail in table 7. analysis package (Staden 1984a (Staden , 1984b (Staden , 1984c (Staden , 1984d (Staden , 1986 and programs available from the Wisconsin Genetics Computer Group. Computer analysis was performed on an IBM PC/XT, a Digital Equipment Corporation VAX 6220, and a Sun Microsystems SUN 3/ 60'workstation. To determine the significance of the alignment between the Serratia marcescens 5' and 3' phoA flanking sequences and those of E. coli, a modification of the method of Lipman et al. ( 1984) was used (also see Wilbur and Lipman 1983; Lipman and Pearson 1985) . Sequences were aligned initially, and a score was obtained that describes the percentage of mismatch in the alignment. The E. coli sequence was then permuted, and a new alignment score was generated. This process was repeated 100,000 times to generate a distribution of alignment scores expected at random, and the observed score was compared with this distribution to determine significance. Since the random sequences would align usually from their first matching bases, it was necessary to retain unshuffled a small number of bases at the 3' or 5' end of the E. coli test sequence to force anchoring of the two sequences at their respective start or termination codons. Fifteen bases is sufficient to force alignment but is small enough that it does not artificially inflate the alignment scores.
To determine the significance of the distribution of protein polymorphisms among E. coli, E. fergusonii, and Serratia marcescens, a modification of the method described by DuBose et al. ( 1988) and Sawyer ( 1989) was used. Protein sequences were aligned, 552 DuBose and Hart1 among the various Escherichia species has been estimated as being 70%-80% (Brenner et al. 1972; Farmer et al. 1985a Farmer et al. , 1985b , we can conclude that the lack of signal is not due to overall extreme divergence of the two Escherichia species, as trp and gap give strong hybridization signals.
DNA Sequence Comparisons of Alkaline Phosphatase within Enteric Bacteria
The DNA-aligned sequence of the phoA region from E, coli, E. fergusonii, and Serratia marcescens is shown in figure 2 (the sequences from the Shigella strains are to be presented elsewhere). In comparison with figure 1, the hybridization signal seen for Serratia corresponds to -30% overall divergence at the DNA level, while that for E. fergusonii corresponds to 20%. The pairwise percentage divergences for the three sequences are shown in table 2. The values in table 2 represent divergence within phoA only and do not reflect the divergence of the flanking regions, as it was not possible to accurately align the Serratia sequence with the others, except for certain landmark features (see below). Escherichia coli and E. fergusonii are more closely related to each other both by sequence divergence and nucleotide composition than either is to Serratia; however, they are not equally divergent from Serratia (see table 2).
"Silent" Sites as Saturated and Replacement Sites as Unsaturated
From the values in table 2 it can be seen that divergence at synonymous sites is essentially saturated (corrected values are all > 100%)) while that at replacement sites is not. In addition, when either synonymous or replacement substitutions are considered, E. fergusonii is more divergent from Serratia marcescens than is E. coli, suggesting the possibility of unequal rates of evolution along the Escherichia lineage. The values range from a deficiency of lo%-20% with respect to replacement sites to >200% for corrected synonymous sites.
Flanking Sequences as More Divergent than Coding Regions
In the comparisons involving Serratia marcescens the similarity (and possibly homology) ends abruptly at the 5' and 3' ends of the coding sequence. The divergence of the intergenic region is less between E. cofi and E. fergusonii; however, two large insertion/deletionevents have occurred in the region downstream ofphoA. Also, there are two open reading frames (ORFs) downstream ofphoA in E. coli. Neither sequence is present close to phoA in Serratia, and only the first ORF (proposed to encode the phosphate-inducible gene psiF; see Chang et al. 1986 ) is present intact in E. fergusonii. The second ORF (only a fragment of which has been sequenced in E. coli) has become a pseudogene in E. fergusonii and requires a number of insertion/deletion events to align optimally in the two Escherichia. To verify that this situation was not unique to the particular strain of E. fergusonii used, four other isolates of the bacterium were obtained, and the region from bp 2429 to bp 30 17 (encompassing the second ORF) was amplified by PCR and sequenced ( DuBose and Hart1 1990). All five strains possessed identical sequences in the region, indicating that they are all isolates of one clonal group (E. fergusonii was isolated as a pathogen; see Farmer et al. 19853) .
Although the 5' flanking region cannot be accurately aligned with respect to Serratia marcescens, certain regulatory elements ofphoA that are common to all three sequences serve as landmarks. The promoter elements at the Shine-Dalgarno sequence and the -10 region (shown in boldface in fig. 2 ) are conserved in all three species, as is the "pho box," a regulatory consensus sequence seen in many genes involved in phosphate metabolism in E. coli (Shinigawa et al. 1987) . Although the overall divergence in the 5' region of Serratia is extreme with respect to E. coli, the Serratia gene is still capable of being regulated by the E. coli phosphate regulon (Signer et al. 196 1; Bhatti 1973 Bhatti , 1975 Bhatti and Done 1973) , presumably because of the presence of the conserved pho box. An additional structural feature conserved among the three species is the transcription termination region beyond the 3' end of the gene. In Serratia the A+T-rich stem/loop structure seen in E. coli and E. fergusonii has been replaced with a similar stem/loop structure; however, the composition is now almost entirely G+C (reflecting the overall higher G+C content of the Serratia genome).
G+C Content of Gene as Varying between Species
The percentage G+C content of phoA from each of the three species is shown in table 3. The elevated level for Serratia ( -60% on average) reflects the higher G+C content (57%-60%; see Grimont et al. 1977; Grimont 1978, 1984) of the species in general. However, the G+C content is not uniform across the entire 2.7-kb sequenced region. In particular, the G+C content of the Serratia sequence in the regions 5' and 3' to the gene is much lower than that in the coding region. Figure  3 shows a graph of the local G+C content across the sequence. The G+C content of the 3' flanking sequence in Serratia (the second dashed line) is much lower than that in the coding region (45% for the flanking sequence vs. 65% for the coding sequence), as has been observed with other Serratia genes sequenced (Sharp, accepted) . The promoter region and pho box for each species is very A+T rich (see section marked by the asterisk in fig. 3 ).
Protein Sequence Comparisons of Alkaline Phosphatase within Enteric Bacteria
The aligned amino acid sequence for each of the three species is shown in figure  4 , along with the secondary-structure assignments of Sowadski et al. ( 1985) . The E. coli signal sequence for export of the protein into the periplasm is also indicated, along with the cleavage site and the start of the mature peptide. Although the Serratia protein sequence is 24% divergent from the E. coli enzyme, it is still capable of forming a functional hybrid dimer with the E. coli protein of intermediate electrophoretic mobility (Signer et al. 1961 ). %
Divergence within Signal Sequence as Higher than That in the Remainder of the Protein
The pairwise percentage divergences for each of the three enzymes are shown in table 4. These data represent only those residues from pro-19 to the end of the protein, as it is not possible to accurately align the amino terminal portion and signal sequence from Serratia marcescens (see fig. 4 ). The primary sequence of the signal region in phoA shows the high divergence characteristic of such regions in general (von Heijne 1985) . However, while the primary sequence is not conserved, the overall hydrophobic makeup is. In the signal sequence of all three species, both the general structure and the splice-site junction between the nascent form and the mature peptide are preserved ( fig. 5 ). Kendall et al. ( 1986) have shown that the entire signal sequence can be "idealized" by replacement with highly hydrophobic residues (e.g., leucine) yet still direct export of the protein to the periplasm. Using phoA fusion proteins, other workers have demonstrated that the amino terminal portion of the mature peptide can tolerate l Uncorrected pairwise percentage differences between phoA among the three bacterial species. The values represent data from amino acid residue pre19 to the end of the gene only and do not reflect the divergence of the flanking regions.
b Values above the diagonal denote the acutal percentage difference, and those below the diagonal denote the percentage difference as corrected by the DIVERGE program of the Wisconsin Genetin Computer Group program (see Perler et al. 1980) . The numbers 1,2, and 3 refer to the number of potential base substitutions for silent or replacement charges. large insertions ( 150 amino acids) and still produce a functional enzyme (Hoffman and Wright 1985) . From the aligned sequences in figure 4 , it would appear that the essential region of the protein begins with pro-19, as the similarity increases dramatically at that point. Figure 6 shows the location of residues polymorphic among the three 'species. The alignment shown in figure 6 runs from leu-7 to lys-449 (the carboxyl terminus), although, because of the high divergence in the signal sequence and amino terminal residues, only those residues from pro-19 to lys-449 will be used in the subsequent analysis. The other residues are included here to show the increased divergence in the amino terminal region of the protein. Residues polymorphic between each of the three pairs of species are denoted by different symbols (E, F, S, and X). The secondarystructure assignment for each residue according to Sowadski et al. ( 1985) is also indicated. We will consider first the spatial distribution of substitutions in all of the three species and will consider the individual pairwise comparisons later. Two statistical tests were employed to judge the significance of the observed distributions of polymorphisms. The first is a modification of the occupancy test of Feller ( 1968; modified in Stephens 1985) . The relevant values are n, the total length of the sequence; s, the number of polymorphic positions; d,, the size of the largest span end-to-end of residues which are polymorphic; and g,, the size of the largest gap between successive polymorphisms. The test statistics are Pd, the probability that an observed value do is less , S', coding, and 3' refer to the entire sequenced region, noncoding DNA upstream from the  initiation codon ofphoA, the coding region ofphoA, and noncoding DNA downstream from the termination codon  of phoA, respectively. than or equal to that expected by chance (given the length of the sequence and the number of polymorphic sites), and Pg, the probability that the largest gap is greater than that expected at random. For the protein sequences here, n = 43 1, s = 96, do = 422, and g, = 35. From these numbers, Pd = 0.36, and Pg = 0.0089. This indicates that, although the polymorphisms are not clustered in one region of the protein in general (Pd is not significant), there is one large gap (marked by an asterisk in fig. 6 ) that is statistically significant. The next largest gap length (g, = 25) is not significant (Pg = 0.13). Therefore, by one of Stephens's two criteria the polymorphisms within one region of the protein are significantly clustered; the gap marked by the asterisk in figure 6 is longer than that expected at random. In this context, however, this test suffers the limitation that it yields only the probability that any individual gap is significantly longer than that expected by chance. It is possible to have a large number of gaps in the sequence, each of which is nonsignificant, yet the total combination of so many such gaps could still be quite improbable. To address this question, a second statistical test is used, modified from that of Sawyer (1989; also see DuBose et al. 1988) . The test is based on the method in figure 7A . For the total polymorphisms across the three species, P = 0.00072 (72/ 100,000 had a score greater than that expected). Thus, in addition to having one gap which is significantly l'ong in and of itself, the total distribution of gap lengths is also highly significant (see fig, 7B ), indicating either that there are a large number of regions of the protein that accept an unusually high number of replacements or that there are regions constrained against accepting substitutjons. Figure 6 shows that amino acid replacements in the protein occur primarily within alpha helices or unassigned structural regions and are generally deficient in beta sheets. To quantify this, a x2 test of the observed distribution of polymorphic residues with respect to secondary structure was performed (again by using only those residues from pro-19 to the end). For the three species together, 30 replacements are observed to occur in alpha helix, three in beta sheet, and 63 in neither. For each of these classes the expected values (calculated from the proportion of residues constituting each class) are 27.6, 13.4, and 55.0, respectively. The x2 value for this is 9.4, corresponding to P < 0.0 1, with 2 degrees of freedom. Similar calculations were performed by classifying the residues either as beta sheet or non-beta sheet. Here the observed values are 93 and 3, and the expected values are 82.6 and 13.4. The x2 (with 1 degree of freedom) value equals 9.3, which is also significant (P < 0.005). If the beta-sheet regions are excluded from the analysis and only the alpha-helix and unassigned regions are considered, the resulting x2 value for replacements between the two is nonsignificant, indicating that it is the beta sheets that are deficient; by this test, polymorphisms are occurring between alpha-helix and unassigned regions essentially at random (however, see below ).
Absence of Nonrandom Distribution of Amino Acid Replacements across the Protein

Beta Sheets, Alpha Helices, and Unassigned Structures as Accepting
Replacements at Dlyering Frequencies
The relative lack of replacements within beta sheets accounts for a large proportion of the clustering but not for all of it. If those residues corresponding to the beta sheets are removed, and if the simulations are performed again, the result still provides significant evidence for clustering (for 370 remaining residues with 93 polymorphisms, P = 0.008 ) . Note, however, that there are now about 1 O-fold more simulated scores exceeding the observed value than were previously obtained when the beta sheets were included (803 vs. 72 simulations of 100,000 exceeded the observed score). If those residues which correspond to alpha helices are also removed, the sum-of-squares score is no longer significant (P = 0.18, for 246 residues with 63 polymorphisms).
Finally, figure 6 shows that there are three areas of unassigned structure which ..~...v.........................y................s .,.............. *................NpHT.i..........;...,......  H  15  ...ioo.......iio......  . . . . . ..VNG..Q..ii..I.....Q........ . . . . S . . . . . . . . . . . ti....................................... L . . . . . . . . . . . . . . ET...................R.............. . AI........................~.......................Q   . ..P.TL.......E..G...T...V.....................~. alkaline phosphatase protein sequence. Dots denote residues identical to the Escherichia coli sequence, while dashes denote gaps introduced during alignment. Alpha he&s and beta sheets are shaded. Residues constituting the signal sequence are also shaded. The start of the mature peptide (Nterminal threonine) is denoted by a vertical arrow above the sequence. The dagger denotes residue pro-19, the cutoff point for the clustering analysis described in the text. Residues are numbered according to the protocol of Sowadski et al. (1985) .
have a number of consecutive variable residues, in particular the regions ile-124 to pro-130, thr-210 to ala-217, and thr-287 to val-296. When these are compared with the tertiary-structure diagram, two of them (ile-124 and thr-2 10) correspond to regions that are exposed to solvent. In particular, the run of seven consecutive polymorphic residues beginning at ile-124 forms a loop extending away from the main body of the enzyme.
Bacterial Alkaline Phosphatase Evolution 56 1 l Data were tabulated by using the values of Grantham (1974) to express pairwise amino acid distances. Average sexverity of replacement for two random sequences is 98.9, with a standard deviation of 46.9.
Alpha Helices as Not Showing Equal Acceptance of Replacements across Their Lengths
Although the helical regions of alkaline phosphatase are less constrained against accepting replacements than are beta sheets, they do not uniformly do so across their lengths. To demonstrate this, the 14 helices were aligned at their respective amino (N) and carboxyl (C) termini, as shown in table 5. By means of the methods of Presta and Rose ( 1988) and Richardson and Richardson ( 1988) , residues were then classified as being upstream or downstream from each terminus (upstream N', the N terminus itself, and downstream N 1 and N2-and comparably for C2, C 1, C, and C') and as "middle" (M). As the lengths of the helices varied, the M class represents residues from N3, . . . , C3 grouped together. For each class, the number of helices that contain a polymorphism in any of the three species is totaled, and this total is compared with that expected at random, given the total number of polymorphisms and the frequencies of residues belonging to each class. The histogram constructed from the data in table 5 is shown in figure 8 . The excess of polymorphisms at the carboxyl end was verified by a x2 test. When positions N', N, and Nl are classified as "amino," N2, M, and C2 as M, and C 1, C, and C' as "carboxyl," there are six amino, 11 M, and 16 carboxyl positions polymorphic, compared with the 9.24, 14.52, and 9.24 values expected at random. The x2 value (with 2 degrees of freedom) equals 6.94, which is significant at the 5% level (P < 0.05). If the classification is considered as carboxyl versus the rest (i.e., amino and M grouped together), the values become 16 and 17 versus 9.24 and 23,76, for the observed and expected values, respectively. The x2 value (with 1 degree of freedom) equals 6.87, which is significant at the 1% level (P < 0.01). Thus, in addition to a deficiency of replacements within beta sheets, across alpha helices there is an excess of replacements at the carboxyl end, compared with the rest of the helix.
Pairwise Sequence Comparisons
The results to this point have concerned the distribution of replacements across all three sequences. If the sequences are broken down into pairwise comparisons, the significant results still hold, except with respect to the E. coli/E. fergusonii comparison. This is due primarily to the lower level of divergence between the two species. As the percentage divergence decreases, the sensitivity of each test also decreases. Despite the fact that they are no longer statistically significant, the same general pattern of having The panel on the left is from Escherichiu coli, that in the middle is from E. fergusonii, and that on the right is from Serratia marcescens. The sequences have been rotated to bring the hydrophobic core to the same relative position in each.
fewer replacements within beta sheets as compared with the value expected at random holds. For example, the alpha-helix-versus-beta-sheet comparison for E. coli versus E. fergusonii generates a x2 value which is borderline significant at the 10% level with 1 degree of freedom. Because the percentage divergence of the two Escherichia species is low (32 replacements in the region compared, as compared with >90 for the comparisons with Serratia), the deviations would have to be extreme to be detectable. The values for the gap permutation test are also nonsignificant within Escherichia (P = 0.26). However, as with the x2 tests, the observed value does lie in the same direction as the tests which were significant (see fig. 7B ). Grantham ( 1974) has presented a table of pairwise distance values for amino acid replacements. The values were determined by three objective criteria comparing only the composition, volume, and hydrophobicity (polarity) of each amino acid residue, without respect to observed replacement frequencies in proteins. Grantham was able to show that the distance values correlated well with amino acid replacement frequencies (the RSF value of McLachlan 197 1 a, 197 lb) . Miyata et al. ( 1979) used two of the three criteria (volume and polarity) to show that, for proteins in which the likelihood of multiple replacements at a residue is small (i.e., replacements do not involve amino acids that are two mutational steps away from each other by the genetic code), the PAM value (Dayhoff et al. 1972 (Dayhoff et al. , 1978 also correlates quite well with the amino acid distance measures. That is, physically similar residues interchange more Bacterial Alkaline Phosphatase Evolution 563 FIG. 6.-Spatial distribution of amino acid replacements. Dashes denote monomorphic residues; E, F, and S denote residues where differences are unique to Escherichia coli, E. fergusonii, and Serratia marcescens, respectively. X denotes those residues different in all three sequences. Only those residues from pro-19 (denoted by the arrow) were used in the clustering analysis. The gap denoted by the asterisk is significantly long by Stephens's ( 1985) gap test. Alpha helices are shaded lightly (a), and beta sheets are shaded heavily (a). frequently than dissimilar ones, Figure 9 shows a histogram of the frequency of replacement by amino acid distance for alkaline phosphatase for each of the three pairwise comparisons, and table 4 shows the mean distance values for each comparison. As with the substitution distribution data, only residues from pro-19 to the end were used, to avoid artificially inflating the scores. The mean substitution value does increase slightly as the divergence of the proteins compared increases, indicating that with increased evolutionary distance more nonconservative replacements are accepted Chothia 1980, 1982; Chothia and Lesk 1982 . As shown in figure  10 , the histograms show a skewed distribution, with peaks near 30, 60, and 90. A distance score ~30 on Grantham's scale corresponds to relatively conservative replacements (e.g., arginine for lysine).
Amino Acid Replacements within the Three Species as Being Primarily Conservative
Site-directed Mutagenesis of E. coli Alkaline Phosphatase
To correlate sequence variation with possible functional effects, we have employed site-directed mutagenesis to introduce single and multiple mutations in the phoA gene of E. coli. Using the strategy shown in figure 10, we have targeted specific structures (alpha helices and beta sheets) for replacement. In brief, for each of three separate helices and two beta sheets, we have made multiple mutations that replace the wildtype sequences with amino acid residues that encode a similar structure from another source. For each helix or beta sheet, we have created three replacement mutations: the first (A) replaces the amino portion of the structure, the second (B) replaces the carboxyl portion of the structure, and the last ( AB) creates a double mutant with both halves replaced. The replacement sequences and their associated activities are shown in tables 6 and 7, along with selected point mutations also created in phoA. A detailed analysis of the alpha-helix replacements has been described elsewhere (DuBose and Hart1 1989) . However, there are several results which should be noted: ( 1) There is no tendency to recover only mutations with either near-wild-type or near-zero activity. In addition to the mutations described in table 7, we have created >20 additional point mutations at random locations scattered across the gene (data not shown). Ranking these with respect to their activities yields a continuous distribution. (2) Replacements involving beta sheets are much more severe (in terms of activity) than those involving alpha helices. Of the multiple mutations in helices, only those involving helix 2 do not yield an active enzyme. In contrast, all but one of the beta-sheet replacements are inactive (EcB+Psl .B; see fig. 10 and tables 6 and 7). Table 7 also 564 DuBose and Hart1 shows selected point mutations introduced into phoA, classified as being within or near helices or sheets. With one exception, the activities of point mutations near alpha helices are greater than those near beta sheets. The activities of the helix point mutations are 56%-108% (average 86% ) of those of the wild type, whereas those near beta sheets are 0%-69% (average 29%) of those of the wild type. This distinction is further emphasized by the fact that two of the point mutants are actually combinations of two mutated residues (A6 lG+A65G and T107S+A 108G), which nonetheless retain a significant fraction of enzymatic activity. (3) For each helix mutational class (A, B, and AB), there is a consistent order of activities: 7-I > 7*T4 > 4-7 > 2+al. This reflects in part the assumption that the different structures should be more or less constrained by their relative positions within the tertiary structure. Recall that helix 7 is on the periphery of the enzyme, that helix 4 is adjacent to the active site, and that helix 2 lies on the monomer/monomer interface. (4) Within each helix, the replacement mutation of the amino half (A) possesses less activity than that of the carboxyl half(B). This pattern is maintained despite the fact that the multiple replacements in different helices are not equally conservative. For example, the 4+7.B mutant is a much more drastic replacement in the helix (two charged residues replace a neutral alanine and a bulky aromatic tryptophan which is buried within the protein) than is the 4-+7.A mutation, yet it still retains a much higher activity. In addition, the one beta-sheet replacement that retained activity was a "B" mutant as well. (5 ) There is a nonadditive relationship between the activities of the amino, carboxyl, and double mutants. This also affects the K,,, and Kat of the enzyme differently. When the K,,, is examined, the affect of combining the amino and carboxyl mutations is seen to be dominant: the K,,, of the double mutant is not significantly different from that of the least active single mutant. The Km1 does not behave so nicely, however. Here the activity of the double mutant is neither dominant nor the product of the activities of Bacterial Alkaline Phosphatase Evolution 565   FIG. 7 (Continued) the respective single mutants. Only with helix 4 does it appear that the single mutants may be combining in an additive fashion.
Discussion
Sequence analysis indicates that several levels of constraint affect the evolution of alkaline phosphatase. We have used site-directed mutagenesis to test the inferred constraints directly. The apparent paucity of replacements within beta sheets relative to other areas of the protein suggests that those regions should be less tolerant of amino acid replacement than are alpha helices or unassigned structures. This was verified in two ways. First, the introduction of consecutive structure-preserving mutations demonstrates that such changes within alpha helices are accepted much more readily than similar mutations within beta sheets: nine of the 12 helical replacement mutations retained activity, whereas only one of the six beta-sheet mutations did (see table 7) . Second, point mutations near alpha helices have higher activities than do similar mutations near beta sheets. This high-versus-low activity difference does not arise merely from an all-or-none response of the enzyme to replacements. Ranking all the mutations created (table 7 and data not shown) with respect to their activities yields a continuous distribution-there is no tendency to recover only mutations with either low (e.g., ~1%) or high wild-type activity. The fact that residues in one strand which compose part of a beta sheet must interact with residues in other such strands provides one physical explanation for the differences seen between alpha helices and beta sheets. To restore stability in the structure, a mutation in any position in a beta sheet would need to be accompanied by a complementary mutation elsewhere (Lesk and Chothia 1980 ; also see Wyckoff 1987 for an example of such an occurrence within alkaline phosphatase ) . In contrast, while such a complementary mutation could relieve the stress created by a replacement within an alpha helix (as has been observed with the cytochromes and hemoglobin; see Perutz 1983; Chothia and Lesk 1985) , not all replacements within alpha helices would require such changes. The stress created by the new side chain may be negligible if it is on that side of the helix that faces the solvent, or it may be accommodated by local conformational change of the residue in question. Although our changes were designed to be structure preserving, the replacement of many consecutive residues within beta sheets would nonetheless require the concomitant replacement of their complementary partners. No%.-Residues are classiiied as in the text. Because the helices were not of equal length, gaps were inserted to guarantee that each helix contained at least the following residues: N', N, Nl, Cl, C, and C'; these gaps are denoted by a box (0) and are not treated as polymorphisms. Positions identical among all three species are denoted by a minus sign (-), and others are denoted by a plus sign (+).
' Data from ~01s. I, 2-4, and 5, contrasted by grouping.
b Data from ~01s. 1-4, grouped together vs. col. 5.
Although an examination of the locations of polymorphisms indicated that betasheet regions are generally deficient in polymorphisms, this deficiency does not totally account for the clustering scores observed in the simulation studies. In particular, if those residues corresponding to beta-sheet structure are removed, leaving only alphahelix and unassigned structures, the score is still significant, but with a P value lofold larger than that with the beta sheets included. It is not until the alpha-helix residues are also removed that the score is nonsignificant. The distinction between alpha helix and beta sheet is a convenient one (as they represent clearly discernible structures), but it is not necessarily the only functionally important one. In particular, most of the surface of the monomer/ monomer interface is rigidly conserved. Helices 1 (gln-29), 2 (asp-55), 3 (ile-74), 13 (his-425), and 14 (thr-436)-along with beta strands J, B, and I-lie along the interface. Comparing this with the spatial distribution of polymorphisms in figure 6 shows that these regions have generally low replacement rates. In particular, the region encompassing helices 2 and 3 and sheet B contains only one replacement, and that from sheet I to the middle of helix 14 (encompassing helix 13 and sheet J) shows only two replacements. With regard to mutagenesis, the one helical replacement that did not function was helix 2, which is in this constrained region. In contrast, the analysis indicated polymorphic runs elsewhere, in particular the regions between residues ile-124 and pro-130 (adjacent to helix 5 ), between thr-210 and ala-2 17 (between sheet D and helix 9), and between thr-287 and val-296 (adjacent to helix 11). Although no mutagenesis data are available for these regions, the latter do correspond to areas of the protein that are relatively exposed to solvent. In the protein sequence comparison shown in figures 4 and 8, it was noted that, compared with the carboxyl or M regions, the amino ends of alpha helices accepted fewer replacements than expected. In particular, >50% of the helices were polymorphic at their C-terminus position (see table 5); this was the highest value for any of the nine classes. Site-directed mutagenesis verified this, in that in each of the helical replacement mutations the activity of the amino-end mutant was at least sevenfold less than its corresponding carboxyl-end counterpart (see table 7 ). From a structural standpoint, perturbations at the amino end of a helix might be propagated down the length of the helix, potentially having a greater effect than those that begin midway.
Our observations of increased divergence in the signal sequence and in the first several amino acids of alkaline phosphatase supports the results of experiments by others. Signal sequences in general can be highly variable (von Heijne 1985 ) ; the principle structural feature required is that of a hydrophobic core flanked by a charged N-terminus and a polar C-terminus region. Kendall et al. ( 1986) created "idealized" alkaline phosphatase signal sequences, showing that the entire core region is replaceable or extendable as long as the replacement residues are highly hydrophobic. Indeed, if the Escherichia coli, E. fergusonii, and Serratia marcescens signal sequences are compared, it is evident that, while the primary sequences are divergent in both length and composition, the structural arrangement of a hydrophobic core flanked by charged residues is conserved (see fig. 5 ) . With respect to the increased divergence within the first 20 amino acids of the mature peptide, a similar result was seen when phoA fusion proteins were used to study protein secretion (Hoffman and Wright 1985) . In these experiments, phoA (minus the residues coding for its signal sequence) was fused to the promoter or amino terminus of another gene, and the resulting fusion protein was 1974) . Severity scores were then grouped, by IO's, into classes (plotted on the abscissa), and the frequency of scores in each severity class was plotted on the ordinant. Also plotted is the expected curve (0 -a), which denotes the frequency of each severity class when calculated from ail possible pairwise replacements of the 20 amino acids. The beta-sheet structures replaced by site-directed mutagenesis (EcB+Psl and EcH+PsS) and the point mutations created are shown above the heavy line, and the alpha helices replaced (7+ 1, 7+T46, 4+7, and 2+al) are shown below the heavy line. The arrows indicate the direction of the replacement. The inset depicts the mutagenesis strategy used to create the structural replacement mutations. The heavy line denotes the wild-type phoA DNA sequence, and the helical structure below it denotes the alpha helix that it encodes (the same strategy was employed for the beta sheets). In two separate rounds of mutagenesis (A and B) , the amino and carboxyl ends of the structure (shown in boldface) were replaced by using oligonucleotides complementary to the region of interest (denoted by sawtooth lines above the heavy line). The double mutant ( AB) is created by using the sequence of the altered amino mutant (A) as the template DNA in a third round of mutagenesis. References to bacteriophage T4 lysozyme, Pseudomonas aeruginosa azurin, and the synthetic peptide alpha/ can be found in reports by Matthews and Remington ( 1974), Canters ( 1987) , and Regan and DeGrado ( 1988), respectively. .
Ps. aeruginosa azurin
GluAlaThr
IleGluSer GluAlaThrIleGluSer GlyCIsnThrLeuValI 1eValThr
Ala.
IleAlaHis ThrLysValIle IleAlaHisThrLvsValIle
Nom.-Boldface residues denote the alpha helix or beta sheet replaced. Oligonucleotide primers used are described in table I. T4L6 refers to the sixth helix of T4 lywzyme (Matthews and Remington 1974) , al refers to the synthetic peptide alpha1 (Regan and LkGrado 1988) , and Psl and Ps5 refer to Pseudomonas aemginosa azurin sheets 1 and 5, respectively (Canters 1987). examined for activity. Alkaline phosphatase is active only when localized in the periplasmic space (the area between the inner bacterial cell membrane and the cell wall of E. co/i) and not when in the cytoplasm. That the enzyme is functional, then, implies that it was secreted into the periplasm, and therefore the foreign residues must contain a signal sequence for protein secretion. One such fusion resulted in the deletion of the first 13 amino acids from the mature peptide, another resulted in the deletion of the first 39 amino acids of the mature peptide, and a third resulted in the addition of 150 residues from P-lactamase. Both the fusion protein with the 13-residue deletion and that with the 150-residue insertion functioned at near-wild-type levels; however, the mutation with the large deletion was inactive. Deleting the first 39 residues would remove the first alpha helix, which comprises part of the monomer/monomer interface, and thus could be essential to dimerization and hence activity. On the basis of our sequence analysis, we would predict that the cutoff point should be at about 20 amino acids, near pro-19.
Finally, with respect to the DNA sequences, two observations are worth mentioning. The first is the conservation of an upstream regulatory sequence. A number of sequences for phosphate-regulated genes in E. coli have been obtained, and, on the basis of these, a common regulatory consensus sequence, the pho box, has been proposed (Shinigawa et al. 1987 ). The two additional sequences presented here also possess this consensus sequence, in approximately the same positions relative to the ' Sequences of the replacement mutations are given in detail in table 6. For each , the wild-type structure is designated before the arrow, the mutant aRer. For example, EcB -, I's5 refers to the mutations in which the sequences coding for E. co/i beta-sheet B are replaced with those coding for Pseudomonas aeruginosa beta-sheet 5. For each of the point mutations, the wild-type residue and position (see Sowadski et al. 1985) is followed by the mutant residue. Point mutations are classified as being within alpha helices or beta sheets by the symbols a and p, respectively, following the mutant designation; residues near rather than within the structures in question are enclosed in parentheses. b -0 indicates that enzyme did not possess detectable activity above background hydrolysis of the substrate. All values are given f 1 standard error, calculated from at least three independent measurements.
' To the K-12 value.
start of the gene as compared with E. coli, matching in 16 of 18 bp. To date, these represent the only genes for phoA sequenced from bacteria other than E. coli. Multiple structural genes for alkaline phosphatase have been cloned from Bacillus licheniformis (Hulett 1987 ), but it is as yet unknown whether this regulatory feature is conserved in that species as well. The second observation concerns the codon bias within phoA. By either Ikemura's ( 1985) optimization parameter (Fop) or Sharp and Li's "codon adaptation index" (CAL Sharp and Li 1986 , 1987a , 1987b Sharp et al. 1988 ), phoA shows low-to-moderate codon bias, usually corresponding to lower levels of expression.
In the absence of inorganic phosphate, however, phoA is highly expressed, to the point where 5%-10% of the total cellular protein content can be alkaline phosphatase (Reid and Wilson 197 1) . Taken together, these indicate that, while phoA may be highly expressed, it is not expressed often. To put the matter another way, E. coli does not experience conditions of phosphate starvation regularly. A similar situation is seen with P-galactosidase-also a gene whose levels of expression can be high but which yet shows low codon bias (Sharp and Li 1986 , 1987a , 1987b Sharp et al. 1988) . As is the case with P-galactosidase, phoA is apparently a dispensable gene in some species. Of the 10 bacterial species screened, it is not present in four of them, having either been lost independently at least twice (once in the lineage leading to Sulmonellu and at least a second time in the lineage(s) leading to E. hermunii, E. vulneris, and E. bluttue, whose precise phylogenetic relationships are uncertain; see Brenner et al. 1969 Brenner et al. , 1972 Farmer et al. 1985u, 19856) or introduced into the E. coli/E. fergusonii ancestor by horizontal transfer. With only three sequences, it is not possible to distinguish between the two possibilities. However, phoA is loosely linked to luc, which is known to occur on plasmids in Klebsiellu. The area between luc and phoA (especially the area surrounding luc) is extremely rich in insertion elements (Deonier 1987) , which could mediate recombination from an incoming plasmid and thus facilitate horizontal transfer. In addition, Southern hybridizations have detected plasmid-borne sequences hybridizing to phoA in Serrutiu grimsii and in two strains in the ECOR (E. coli standard reference) strain collection (data not shown).
The results presented here, in conjunction with those of other studies (Perutz et al. 1965; Chothia 1980, 1982; Chothia and Lesk 1982 Perutz 1983; Stuart and Wilson 1987; Prager and Wilson 1988) , present interesting implications with regard to the possible pathways of protein evolution. In a detailed study of globin structural evolution, Lesk and Chothia ( 1980) proposed that protein evolution in the buried cores of proteins occurs by the fixation of replacements that retain similar polarity but not necessarily similar size or identity. They suggest that canalization of protein structure will limit the potential pathways that further evolution may take and that a major rearrangement of secondary structure is unlikely to occur during evolution, although minor shifts of structural elements relative to each other may occur (this has been seen in a variety of different types of structural proteins; see Lesk 1982, 1985; Lesk and Chothia 1982) . Alkaline phosphatase appears to be governed by the same general principles: the lack of replacements within the beta-sheet core and in the monomer/monomer interface, where replacements should have the greatest structural effect, supports this view. Similarly, a comparison between human placental and bacterial alkaline phosphatase (Kam et al. 1985) indicates that the major design of the E. coli enzyme has been conserved. While the primary sequence shows only 30% similarity to E. coli, the active site and metal ion-binding ligands have been maintained. Finally, although the secondary and tertiary structures have not been determined for the placental enzyme, the amino acid sequence indicates that some of the E. cofi structures have been moved relative to each other and that still others are apparently missing. Helix 7 in particular is absent; this is the helix which, of those altered via mutagenesis in the present study, was the most tolerant of replacements (see Wyckoff 1987) .
The question of the extent to which individual amino acid residues coevolve during evolution is still unresolved. Further experimentation in two directions should enable this problem to be addressed as well. First, the effect of multiple replacements can be investigated by combining individual mutations, as was done in the helical and beta-sheet replacement experiments. The helical experiments have already indicated that the activity of double mutants is not readily predictable from that of their respective single mutants (DuBose and Hart1 1989) . Both dominance and interactive effects are seen in the K,,, and KC, of the mutants. By combining mutations whose activities diverge from wild type in opposite directions, it is possible to address this question experimentally (Dunn et al. 1988) . Second, these mutations can serve as a baseline for improvement by artificial selection. By selecting revertants with increased activity, it is possible to examine the relative contribution of secondary mutations either within the local structures or elsewhere in the protein, as has been done with ebg and other cryptic genes (Hall 1983 ) in E. coli. By combining inferential approaches of sequence comparisons with experimental ones using techniques such as site-directed mutagenesis, we can gain more insight into the processes of DNA and protein evolution than would be possible by using either approach alone.
